Here we describe synthesis of very unusual multi-walled carbon nanotubes through a catalytic chemical vapor deposition method using a floating reactant method and subsequent thermal treatment up to 2600 o C in a large quantity. Main characteristics of these nanotubes are (1) relatively wide distribution of diameters ranging from 20 to 70 nm and linear, long macro-morphology (aspect ratio > 100), (2) highly straight and crystalline layers, (3) high purity through removal of metallic impurity, (4) very low interlayer spacing (0.3385 nm) and low R value (I D /I G = 0.0717), (5) high G' intensity over intensity of G band (G'/G = 0.85) and strongly negative magnetoresistance value of -1.08% at 77K and 1T. The unusual microstructure of thin multi-walled carbon nanotubes with a partially cross-sectional shape caused by thermal treatment is mainly ascribed to abrupt density changes (from 1.89 to 2.1 g/cm 3 ) within a confined nano-sized space, accompanying with the phase separation.
Introduction
Carbon nanotubes are tubular sp 2 -like carbons with nanoscale dimensions that exhibit fascinating physicochemical properties that make them very promising in various applications [1] [2] [3] . The basic reason for the limited widespread application of carbon nanotubes would be their high synthetic price, basically due to the limited mass production. In this sense, a catalytic chemical vapor deposition (CCVD) method [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] has been extensively investigated as a powerful technique for large-scale production of single-or multi-walled carbon nanotubes (MWNTs). On top of that, this technique is more controllable and cost-efficient as compared with those of arc-discharge or laser ablation [12, 23] . Furthermore, the development of a floating reactant method, which allows a three-dimensional dispersion of hydrocarbon with the catalytic particles, enables us to produce carbon nanotubes/nanofibers in a large quantity at a relatively low cost [24] [25] [26] [27] [28] [29] [30] . The right combination of low-cost production and excellent physical properties of nanotubes make it possible to use this nanotube in various fields, such as filler in composites [31] , and an anode material in lithium ion battery [32] as well as additives to electrode materials in lithium ion batteries [33] and lead-acid batteries [34] . For the purpose of widespread use of CCVD-based MWNTs for various applications, defects which deteriorate their electrical and mechanical properties and metallic impurities which are unavoidable by-products of nanotube synthesis process have to be removed. In this sense, thermal treatment has been suggested as a powerful solution for these problems [35] [36] .
In this study, we synthesized very unusual multi-walled carbon nanotubes with a partially facetted cross-sectional morphology using a floating reactant method and subsequent thermal treatment. A comprehensive structural characterization was carried out using a various analytical techniques.
Experimental
The synthesis of carbon nanotubes in the present study was carried out in a vertical tubular reactor, so called floating reactant method [4, 24] , using a organic-metallic compound (e.g., ferrocene) as a catalyst precursor, toluene as carbon feedstock and hydrogen as carrier gas in a semi-continuous system.
A toluene solution containing organic metallic compound was fed into reactor (diameter = 165 mm) with a rate of 25 g/min using a micro-feeding pump. The reaction temperature is around 1200 o C. The following thermal treatment of nanotubes was carried out at 2600 o C for 30 minutes using a graphite-resistance furnace operating in a high-purity argon gas atmosphere in a semi-continuous system.
Field-emission SEM (FE-SEM) observations were performed using an acceleration voltage as low as 5 kV and using a JEOL JSM-6335Fs instrument. HRTEM observations were carried out in a JEOL JEM-2010FEF instrument operated at 200 kV (equipped with an omega filter, a Gatan multiscan camera and an energy dispersive X-ray -EDX -Oxford Instruments Detector). Raman spectra were recorded at room temperature under ambient conditions using a Kaiser HoloLab 5000 system; excitation source 532nm Ar-ion laser line. X-ray diffraction (JEOL-JDX3532, CuKα (λ=1.54056 )) was employed to measure the crystallinity changes.
The magnetoresistance measurements were carried out at 77K at magnetic fields up to 1T using a conventional four-terminal method on carbon nanotubes (2 and 5 %)-epoxy composite (2 mm width, 10 mm length, 1mm thickness), which is coated on polyimide film. The magnetic filed was applied along two different directions, parallel to length (longitudinal) and width (transverse) directions. The iron content of as-grown and thermally treated nanotubes was determined quantitatively by using X-ray fluorescence spectroscopy.
3. Result and discussion wt.%).
Through thermal treatment at 2600 o C, highly undulated fringes were structurally transformed into straight, crystalline layers for large-sized (Fig. 4 (a) ) and small-sized tubes (Fig. 4 (b) ).
Their round tip morphology is transformed into facetted morphology (Fig. 4 (c) ), accompanying with structural development. In addition, high-purity carbon nanotube is obtained through the evaporation of metallic impurity below 450 ppm. Even though these kinds of structural changes are very similar to that of thicker carbon nanofibers [38, 39] , the most significant characteristics for thermally annealed nanotubes is unevenly spaced lattice fringes on one side of the hollow core, as in Figure 5 (a) and (b). In order to satisfy highly asymmetric longitudinal TEM image ( Fig. 5 (a) ) (Note that TEM images are two-dimensional projections), one side have a round cross-sectional shape while the others show polygonal cross-sectional shape with flat regions. Furthermore, gross defects such as bending (see short arrow in Fig. 5 (b) ) and highly developed chasm-like defects along the tube length (see Fig. 5 (c)) are observed. Direct TEM observation of cross-sectional shape of annealed carbon nanotubes confirmed that the hollow core of the nanotube is not circular, rather partially facetted ( Fig. 5 (d) ). It is sure that chasm-like void (indicated by short arrow in Fig. 5 (d) ) of cross-sectional TEM image is projected as highly developed long voids in Fig. 5 (c) . The development of unusual microstructure caused by thermal treatment is ascribed to abrupt density changes (1.89 to 2.1 g/cm 3 ), which create strain and subsequently results in decreased outer diameter, expanded hollow diameter and the formation of voids. Even though as-grown state of nanotubes exhibit similar microstructures compared to that of carbon nanofiber, unusual micro-textures of thermally treated samples can be explained by limited release of strain energy due to confined space. Further study on partially facetted cross-sectional shape of carbon nanotube has to be done in order to understand the microstructure of thermally annealed carbon nanotube exactly.
The structural development of carbon nanotubes in a bulk state have been studied by X-ray diffraction and Raman spectroscopy. The (002) lines show increased intensity and move to higher angles through thermal treatment as in a typical graphitizable carbons (see Fig. 6(a) ).
Furthermore, increased intensity of (100) line indicates structural development of graphene layers while no separation of (101) and (100) lines is the lack of three-dimensional stacking.
The XRD results are well consistent with Raman data (Fig. 6 (b) ). Thermally treated nanotubes
show an increased intensity and a decreased half width at half-maximum (HWHM) of the G band at 1582cm -1 (E g2g graphite mode), and also a decreased intensity and a decreased HWHM of the D band at 1350 cm -1 (the defect mode), indicating that highly disordered nanotubes are structurally developed into high crystalline nanotubes. Furthermore, the appearance of shoulder peak (D' band) at 1620 cm -1 is indirectly related with the faceting formation through the release of strain. It has to be taken into account that G' band (overtone of 2D) at 2700 cm heat-treated at 2900 o C (see Figure 7 (b) in ref [38] ). It suggests that the two-dimensional nature of the present nanotubes is higher than that of thick nanofibers, possibly due to smaller-sized diameter of nanotubes. As expected, both samples having magnetoresistance anisotropy ratios of approximately unity confirmed that tubes are two-dimensionally aligned (note that nanotube-epoxy mixture was placed on the surface of polyimide film through conventional printing method) (see Table 1 ). As shown in Table 1 , low values of resistivity ratio (ρ RT /ρ 77K )
imply that our nanotubes present characteristic of semi-conducting materials, even though they are thermally treated at higher temperature. This experimental result strongly supports the symmetric shape of G'-band from Raman spectra even though interlayer spacing of thermally treated nanotubes is corresponding to that of pure graphite. Therefore, it is very dangerous to evaluate structural order only by using the interlayer spacing (d 002 ) because no large changes are found in this d 002 regions (saturation state).
4. Conclusion
Significantly unusual multi-walled carbon nanotubes were synthesized in a large quantity through a catalytic chemical vapor deposition method, especially using a floating reactant method, and subsequent thermal treatment up to 2600 o C in a semi-continuous system. We summarized structural factors and physical parameters of these thin multi-walled carbon nanotubes in Table 2 . These structural parameters are not independent, but rather are interdependent. Remind that as-grown nanotube is highly disorder (undulated fringes) in terms of microstructure, and furthermore, contain a relatively large portion of metallic impurities.
Therefore, thermal treatment was applied on as-grown carbon nanotubes in order to solve their intrinsic problems. The onset temperature of oxidation was increased by ca. 40 o , indicating that the reactive sites including defects in nanotubes were highly decreased through thermal treatment. Large density changes with improved structural order (see Table 2 These new types of carbon nanotube with a partially faceted shape might show high thermal and electrical properties along the tube length due to their highly developed graphene layers, even though there was no sign of 3D stacking caused by small diameter. Therefore, the application of these unusual nanotubes as a functional filler in various composites will be realized due to our stabilized large-scale production in a semi-continuous system and their stabilized physicochemical properties through thermal treatment. e Specific surface area is measured by N 2 adsorption.
f nanotubes are oxidized in an air atmosphere using TGA.
g X-Ray fluorescence spectroscopy was used to determine metallic impurities.
